ABSTRACT: Targeting organelles by modulating the redox potential of mitochondria is a promising approach to kill cancer cells that minimizes acquired drug resistance. However, it lacks selectivity because mitochondria perform essential functions for (almost) all cells. We show that enzyme-instructed self-assembly (EISA), a bioinspired molecular process, selectively generates the assemblies of redox modulators (e.g., triphenyl phosphinium (TPP)) in the pericellular space of cancer cells for uptake, which allows selectively targeting the mitochondria of cancer cells. The attachment of TPP to a pair of enantiomeric, phosphorylated tetrapeptides produces the precursors (L-1P or D-1P) that form oligomers. Upon dephosphorylation catalyzed by ectophosphatases (e.g., alkaline phosphatase (ALP)) overexpressed on cancer cells (e.g., Saos2), the oligomers self-assemble to form nanoscale assemblies only on the surface of the cancer cells. The cancer cells thus uptake these assemblies of TPP via endocytosis, mainly via a caveolae/raft-dependent pathway. Inside the cells, the assemblies of TPP-peptide conjugates escape from the lysosome, induce dysfunction of mitochondria to release cytochrome c, and result in cell death, while the controls (i.e., omitting TPP motif, inhibiting ALP, or removing phosphate trigger) hardly kill the Saos2 cells. Most importantly, the repeated stimulation of the cancers by the precursors, unexpectedly, sensitizes the cancer cells to the precursors. As the first example of the integration of subcellular targeting with cell targeting, this study validates the spatial control of the assemblies of nonspecific cytotoxic agents by EISA as a promising molecular process for selectively killing cancer cells without inducing acquired drug resistance.
■ INTRODUCTION
Molecular-targeted therapeutics, which are mostly based on ligand−receptor interactions or enzyme inhibition of a specific target, have been a key strategy for developing anti-cancer drugs. However, recent advances in cancer biology have revealed the great complexity of cancers, 1 such as redundant signaling pathways, 2 acquired drug resistance, 3 genomic instability, 4 intratumoral heterogeneity, 5 and tumor microenvironment. 6 These conceptual advances not only elucidate the mechanism of the drug resistance of the current chemotherapy that aims at only one or two molecular targets (e.g., enzymes, receptors, or transcription factors) but also underscore an urgent need for new approaches for cancer therapy. In contrast to targeting a specific enzyme or protein, targeting a subcellular organelle or antagonizing an essential protein in an organelle represents a unique approach for killing cancer cells 7 without inducing drug resistance. Because the release of cytochrome c (cyt c) from mitochondria is a major event in the intrinsic cell death signaling pathway, 8, 9 targeting mitochondria 10, 11 (e.g., modulating the redox potential of mitochondria 12 ) to induce the death of cancer cells may be advantageous over the specific ligand−receptor interaction in countering drug resistance in cancer therapy.
Since the report by Murphy et al. that triphenyl phosphinium (TPP) is a facile molecular motif for targeting the mitochondrial matrix, 13 considerable research activities have focused on targeting mitochondria. 14, 15 For example, attachment of bioactive molecules or therapeutic agents to TPP is the most facile and explored strategy, 15 which endows the resulting molecules with targeting and enhanced activity, even against drug-resistant cancer. 16 One prominent example is gamitrinib, an HSP90 inhibitor designed to target the mitochondria of human cancer cells 17 because of the essential role of HSP90 in the survival of cancer cells. 18 A similar strategy was also applied to other anti-cancer drugs which show activity in mitochondria. 15, 19 Besides TPP, mitochondria-penetrating peptides are another promising type of candidates explored for modulating the intracellular distribution of bioactive molecules. 20 Although these preclinical studies indicate that targeting an organelle (e.g., mitochondria) or a nodal protein (e.g., HSP90) in multiple signaling networks is a promising approach for killing cancer cells without inducing drug resistance, such approaches still suffer drawbacks and remain to be improved because these organelles or nodal proteins also are critical components of the functions of normal cells. Moreover, if the antagonist of a nodal protein is based on specific ligand−receptor interaction, drug resistance still may emerge due to the mutation of the receptors. Therefore, it is still necessary to develop novel approaches that are multiple-targeting and minimize the emergence of drug resistance. 21 To achieve multi-targeting, high selectivity, and minimal drug resistance, we chose to combine mitochondria targeting with cell targeting. We use TPP for mitochondria targeting and enzyme-instructed self-assembly (EISA) for cell targeting. As a bioinspired, 22 multiple-step molecular process 23,24 that integrates enzymatic reaction and self-assembly, 25−27 EISA is emerging as a promising strategy for targeting cancer cells. 28 Specifically, we conjugate TPP with a tetrapeptide derivative that undergoes EISA. The tetrapeptide consists of a self-assembling motif as the backbone, being phosphorylated on tyrosine and capped at the N-terminal by a fluorophore. Attaching TPP to the ε-amine of the lysine residue on the tetrapeptide forms the precursors (L-1P and D-1P), while replacing TPP by acetyl at the ε-position generates L-2P and D-2P as the controls. Upon dephosphorylation of the precursors by alkaline phosphatase (ALP), the resulting products self-assemble to form nanoscale assemblies via non-covalent interactions, as evidenced by static light scattering (SLS) and transmission electron microscopy (TEM).
Most importantly, L-1P or D-1p selectively kills human osteosarcoma cells (Saos2) while being innocuous to normal cells (HS5). D-1P, being more stable inside cells, is more potent than L-1P. L-2P or D-2P, even at 10 times concentration of L-1P or D-1P, shows no toxicity to Saos2 cells, confirming cytotoxicity from the TPP. Moreover, Saos2 cells, after being incubated with L-1P (or D-1P) for 5 weeks with a stepwise increase in the concentration of L-1P (or D-1P), show little acquired drug resistance to L-1P or (D-1P). Unexpectedly, the treated cells become more sensitive to the assemblies of TPP. Our preliminary mechanistic study reveals that L-1 or D-1, after being generated via in situ dephosphorylation of L-1P or D-1P, respectively, being up-taken by the cancer cells (mainly via caveolae/raft-dependent endocytosis, plus clathrinmediated endocytosis in some extent), and escaping from lysosome, localizes on mitochondria. The assemblies of L-1 or D-1 disrupt the homeostasis of mitochondria, trigger the release of cyt c, activate caspase cascade, 8, 29 and result in cancer cell death. As the first case of integration of cell and subcellular targeting processes, this work demonstrates a new strategy to selectively kill cancer cells via targeting an organelle in a cellspecific manner. Moreover, this work illustrates a new method for the uptake of self-assembled short peptides and the effective release of the load from endosomes and lysosomes, which can be useful for designing enzyme-instructed systems to promote the endocytosis of drug candidates that fail due to poor cell uptake.
■ RESULTS AND DISCUSSION
Molecule Design and Synthesis. Figure 1 shows the representative structure of the molecules designed for integrating EISA with mitochondria targeting. The molecules consist of four key features: a self-assembling backbone (i.e., a tetrapeptide, Phe-Phe-Tyr-Lys (FFYK)), an enzymatic trigger (i.e., tyrosine phosphate ( p Y) as a substrate of ALP), an environment-sensitive fluorophore (4-nitro-2,1,3-benzoxadiazole (NBD)), and a mitochondria targeting motif (i.e., TPP). We choose FFYK because tyrosine provides a facile way to introduce the enzymatic triggers and FFY has acted as a motif for EISA. 30 We use NBD because NBD is a sensitive fluorophore for reporting molecular self-assembly in cellular milieu. 31 We utilize TPP because TPP is an efficient and wellestablished molecule for targeting the mitochondrial matrix. 32 To understand the effect of stability and stereochemistry of the peptides on the activity of the designed molecules, we use both L-amino acid residues and D-amino acid residues to form the tetrapeptidic backbone. Such a design gives L-1P and D-1P as the precursors, and L-1 and D-1 as the self-assembling molecules. We also use acetyl group to replace TPP to generate L-2P and D-2P as the controls of L-1P and D-1P, respectively. Based on the design shown in Figure 1 , the cancer cells that overexpress ALP would generate the assemblies of the TPPconjugates selectively on the cancer cells so that TPP only targets the mitochondria of cancer cells. We also expect NBD, as an imaging probe, to help reveal the dynamic of the TPP assemblies during and after EISA of the TPP-conjugates on the cancer cells.
Scheme 1 shows a facile and general procedure for synthesizing the designed molecules. After using one step reaction of amine active NBD-Cl with β-alanine to produce NBD-β-alanine in over 90% yield and using 9-fluorenylmethoxycarbonyl (Fmoc) to protect phosphorylated tyrosine, 33 we subsequently synthesize NBD-FF p YK (L or D enantiomer) by standard solidphase (Fmoc) peptide chemistry. 34 After N-hydroxysuccinimide (NHS) activates the carboxyl group of TPP, TPP-NHS ester reacts with NBD-FFpYK via ε-amino group of lysine to form stable amide bonds to result in L-1P or D-1P. Instead of TPP-NHS ester, the use of acetic anhydride to react with ε-amine of lysine produces the control precursors of L-2P and D-2P in a similar way (Scheme 1). After purifying all the precursors by high-performance liquid chromatography (HPLC), we use 1 H NMR and LC-MS to confirm their purity and identity. 
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Article Enzymatic Self-Assembly in Vitro. After obtaining all the precursors, we evaluate their behaviors for EISA in vitro by using TEM and SLS to examine the nanostructures formed before and after the addition of ALP into the solutions of the precursors. After drying from solution, L-1P (50 μM) shows many tiny nanoparticles with diameter of 5 ± 2 nm, which tend to aggregates to result in irregular fibrous structures with diameter of 7 ± 2 nm ( Figure S1 ), while at higher concentration, L-1P (100 μM) mainly forms irregular fibrous structure with few of oligomers ( Figure S2 and S3) . As a contrast, D-1P (50 μM) forms slightly more regular fibrous structures with diameter of 8 ± 2 nm, which then interact with each other to form dense 2D/3D networks. Interestingly, D-1P (100 μM) forms more uniform nanoparticles with diameter of 25 ± 2 nm ( Figure S2 ). As revealed by the dephosphorylation experiment ( Figure S4 ), D-1P undergoes ALP-catalyzed dephosphorylation slightly faster than L-1P does, with t 1/2 = 0.55 and 1.14 h for D-1P and L-1P, respectively, when the substrates is 0.1 wt% and ALP is 0.1 U/mL. After 24 h, the percentages of enzymatic dephosphorylation of D-1P and L-1P are about 90% and 80%, respectively. The percentage of conversion changes a little with prolonged incubation, suggesting that the nanostructures formed mainly by L-1 (or D-1) likely incorporate the precursors to hinder their complete dephosphorylation. After being formed by dephosphorylation, L-1 and D-1 form different nanostructures. TEM indicates that, after being generated by treating L-1P with ALP (1 U/mL), L-1 (50 μM) forms vesicles that interact with each other strongly, which gives hollow colloids with a mean diameter of 79 ± 2 nm and the thickness of 4 ± 2 nm. Similar to L-1, D-1 forms aggregated hollow colloids with a larger mean diameter (106 ± 2 nm) and slightly thicker layers (thickness of 6 ± 2 nm). As a charged, steric-hindered motif being connect to the tetrapeptide via a relatively flexible linker, TPP disrupts intermolecular packing to disfavor the formation of long nanofibers, but it promotes interparticle interaction to favor polymorphic aggregates before and after enzymatic dephosphorylation. Such a plasticity of the assemblies of small molecules may be useful to reduce the acquired drug resistance if the assemblies are cytotoxicity species (vide infra).
To further evaluate the self-assembly properties of precursors before and after the addition of ALP, we also use SLS to examine the signal changes of the precursor before and after the enzymatic dephosphorylation ( Figure 2 ). The solution of L-1P (or D-1P) exhibits enhanced signal with the increase of concentration (from 25 μM to 200 μM). This result indicates that both precursors are able to form aggregates in some extent, agreeing with the results of TEM. After the addition of ALP to the solution of each precursor, the SLS signal increases significantly, up to more than 10-fold. Depending on the initial concentrations of the precursors, the increase of the SLS signals for L-1P is 120-fold (25 μM), 48-fold (50 μM), 18-fold (100 μM) and 14-fold (200 μM), while that for D-1P is 43-fold (25 μM), 10-fold (50 μM), 8-fold (100 μM), and 4-fold (200 μM). These results confirm that L-1P and D-1P are excellent precursors for EISA based on ALP.
Cytotoxicity and Selectivity. To investigate the cellular response of all the precursors, we first use 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 35 assay to examine the viability of human osteosarcoma cells (Saos2, which expresses high level ALP 36 ) cultured with the precursors. As a control, we also examine the viability of normal human bone marrow stromal cells (HS5) that express low level of ALP on cell surface. 24 As shown in Figure 3 , L-1P exhibits IC 50 of 61 ± 2 μM (76.1 ± 2.5 μg/mL, 48h) against Saos2 cells in a dosage-dependent manner. D-1P exhibits IC 50 of 46 ± 2 μM (57.4 ± 2.5 μg/mL, 48h), lower than the IC 50 of L-1P. Figure S11 ) also shows that the hydrogelators (L-1 or D-1) present in the divided cells (from the second to the fourth passage), suggesting that L-1 or D-1 likely escapes partially from the endosome/lysosomes. The escape of tetrapeptidic derivatives from endosome/lysosome, to the best of our knowledge, is the first report of such phenomenon. 40 To further evaluate the cellular distribution of L-1 (or D-1) after its in situ formation, we also use Mito-Tracker to co-stain with all the precursors. 41 As shown in Figure 5 , the green fluorescence signal from NBD also co-localizes well with the red fluorescence signal from the Mito-Tracker in the cytosol after co-incubation for 4 h. Moreover, the green fluorescence on the cell surface indicates that the assemblies of L-1 (or D-1) not only enter the cell to target mitochondria, but also selfassemble on cell surface, as demonstrated by 3D construction of confocal images (see SI Video 1 and Video 2). These results suggest that L-1P (or D-1P) induces cancer cell death likely via three key processes ( Figure 1 ): (i) L-1P (or D-1P) itself forms oligomers at certain concentration, which then interact with each other to form nanoscale assemblies. (ii) ALPs on the Saos2 cell surface, being expressed in high level, catalyze the rapid dephosphorylation of L-1P (or D-1P) for generating of L-1 (or D-1) (i.e., EISA occurs on the cancer cell surface 42 ). The process of EISA further induces the assemblies of L-1 (or D-1) on cell surface, which then are internalized by the cancer cells through endocytosis. (iii) The internalized assemblies of L-1 (or D-1) escape from late endosome/lysosome, then target mitochondria because of TPP. Unlike monomeric TPP that rescues cells, 43 the assemblies (or aggregates) of the TPP-tetrapeptide conjugate function as multivalent TPPs, which enhance the disruption of the mitochondria. That is, the dynamic transport of the assemblies on cell surface to the surface of mitochondria, ultimately, kills the cancer cells.
Because HS5 expresses low levels of ALP, L-1P (or D-1P) is inefficient for undergoing EISA, thus L-1P (or D-1P) exhibits little toxicity to HS5 cells.
Modes of Endocytosis. To examine the modes of endocytosis that involve the uptake of the TPP-peptide conjugates by the Saos2 cells, we incubate the Saos2 cells with L-1P (or D-1P, 50 μM) at 4°C because all endocytic pathways are energy-dependent processes that slow down at low temperature. 44 As revealed by the results of co-localization experiment, L-1P/L-1 (or D-1P/D-1) hardly enters the cells or associates with cell membranes at 4°C (Figure S12 ), confirming that the internalization of L-1 (or D-1) is energy-dependent. To determine which kinds of endocytotic process being responsible for the uptake, we use several well-established endocytotic inhibitors to co-incubate with L-1P (or D-1P) in the culture of Saos2 cells. As shown in Figure 6 , the addition of 5-(N-ethyl-Nisopropyl)-amiloride (EIPA), an inhibitor of macropinocytosis and phagocytosis in most mammalian cells, 45 hardly affects the uptake of L-1 (or D-1). The addition of chlorpromazine (CPZ), one of cationic amphipathic drug that inhibits clathrinmediated endocytosis, 46 reduces the uptake of L-1 for about 15% and D-1 for about 45% (according to the quantification of intracellular fluorescence of NBD obtained by CLSM). The additions of Filipi III and M-βCD, inhibitors of lipid raft/ caveolae-mediated endocytosis, 47 significantly affect the uptake of L-1 and D-1. Specifically, Filipin III reduces the uptake of L-1 and D-1 for about 55% and 64%, respectively. M-βCD reduces the uptake of L-1 and D-1 for about 86% and 72%, respectively. These results indicate that, after being generated by the dephosphorylation of L-1P (or D-1P), the assemblies of L-1 or D-1 mainly undergo caveolae/lipid raft-mediated endocytosis, 48 plus certain extent of clathrin-mediated endocytosis.
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Mechanism of Cell Death. To demonstrate the essential role of EISA for its anti-cancer activities, we co-incubate the precursor and the ALP inhibitors during cell viability experiment. We use three kinds of established ALP inhibitors:
L-phenylalanine (L-Phe), 50 an efficient uncompetitive inhibitor of placental alkaline phosphatase (PLAP); levamisole, a wellknown uncompetitive inhibitor of tissue-nonspecific alkaline phosphatase (TNAP); 50 and CinnGEL 2Me, 51 an inhibitor of protein tyrosine phosphatase (PTP1B) that localizes at the cytoplasmic face of the endoplasmic reticulum. As shown in Figure 7A (and Figure S14) , co-incubating the precursors with L-Phe or CinnGEL 2Me hardly rescues the Saos2 cells, while levamisole increases the cell viability of Saos2 cells treated by L-1P or D-1P (even at the concentration as high as 200 μM). To be specific, the cell viability of Saos2 cells in the presence of L-1P or D-1P, respectively, increases from 21.6% or 11.5% to 65.3% or 66.0% at the concentration of 100 μM for 48 h, and from 2.1% or 1.8% (indicating that almost all the cells are dead) to 50.5% or 53.3% at the concentration of 200 μM for 48 h. These results are consistent with the expression levels of isoforms of ALPs on Saos2 cells, which express more TNAP than PLAP on the cell surface. 27, 52 Moreover, the PTP1B inhibitor (i.e., CinnGEL 2Me) is unable to rescue the cells, supporting the mechanism in Figure 1 that EISA on the cell surface is the key processes for converting L-1P and D-1P to L-1 and D-1, respectively. To further confirm the critical role of ALPs on cell surface, we incubate the precursors together with ALP, which serves as an exogenous enzyme. The addition of ALP almost eliminates the cytotoxicity of the precursors. Thus, these results suggest that the process of EISA on cell surface plays an important role for the activity of the precursors, which further influence the uptake of the assemblies of L-1 or D-1.
To understand how the process of EISA on cell surface influences the uptake of L-1 (or D-1), we use confocal microscope to detect the uptake of L-1 (or D-1) in the presence of different inhibitors of ALPs. As shown in Figure 7B (and Figures S15 and S16) , Saos2 cells exhibit similar fluorescence without and with the presence of L-Phe, indicating that L-Phe hardly hinders the uptake of L-1 (or D-1). This result agrees that most of the ALPs on Saos2 are TNAPs. On the contrary, cells treated by the precursors with levamisole or exogenous ALPs show much weaker fluorescence than the control cells (only being incubated with the precursors). These results, therefore, confirm that the EISA, as a process, is critical for the uptake of L-1 (or D-1). In other words, when the inhibitor of ectoenzyme (TNAPs) or the presence exogenous ALPs blocks or disrupts the process of EISA, the precursors are unable to turn into the assemblies of L-1 or D-1 on the cancer cell surface, thus further hampering the uptake of the aggregates, so Saos2 cells remain viable, as shown in the MTT assay ( Figures 7A and S14 ). This detailed exploration of EISA on Saos2 cell surface also illustrates a way of modulating EISA on other cells for controlling the behavior of the cells.
The endocytotic mechanism of the assemblies of L-1 (or D-1) and the presence of some fluorescence puncta on the Saos2 cell surface ( Figure 5 ) prompt us to examine the changes of cytoskeleton of the Saos2 cells. We use Alexa Fluor 633 phalloidin, 53 which specifically stains the actin cytoskeleton, to reveal the changes of actin filament. As shown in Figure 8 , the actin filaments in the control Saos2 cells (untreated cells (Ctr)) exhibit well-arranged parallel structures with long and thick fibers. After the cells being treated with L-1P (or D-1P) for 1 h at the concentration of 100 μM, some of the actin filaments become disorganized, aggregating into short and ill-defined fibers and puncta. In addition, there are more puncta in the cells treated by D-1P than in those treated by L-1P. These results suggest that the impaired actin cytoskeletons, caused by aggregates of L-1 (or D-1), contribute to the cell death. This observation implies that EISA on the cell surface not only is the key process for the subcellular targeting of mitochondria by the aggregates formed by L-1 (or D-1), but also is one of the key contributions for interacting with the cytoskeleton, which likely influences the dynamic of cell membrane, enhances the uptake of aggregates, and results in effective anti-cancer activity.
Modality of Cell Death. To evaluate the modality of cell death induced by L-1P (or D-1P), we first co-incubate a pancaspase inhibitor (zVAD-fmk) 54 or a necroptosis inhibitor (Nec-1) 55 with the precursors in the culture of the Saos2 cells. As shown in Figure 9 ( Figure S17 ), zVAD-fmk (45 μM), which itself shows no toxicity on Saos2 cells, hardly rescues the cells but exhibits a little more toxicity when being co-incubate with L-1P (50 μM) for 48 h. However, it can rescue Saos2 cells when it co-incubates with D-1P. Notably, Nec-1 can reduce the toxicity of L-1P (or D-1P) to some extent. These results indicate that L-1P (or D-1P) induces cell death involving more necroptosis than apoptosis. Since Nec-1 is unable to rescue the cells fully, other mechanisms likely also contribute the death of Saos2 induced by the addition of L-1P (or D-1P).
Apoptotic Signaling Induced by the Assemblies of L-1 (or D-1). To gain insight into the mechanism of Saos2 cell death induced by L-1P (or D-1P), we use PathScan apoptosis multi-target sandwich ELISA to detect the changes of endogenous level of key signaling proteins in pathways controlling survival and apoptosis. 56 As shown in Figure 10 , the expression level of phosphorylated p53 decreases a little in 1P ) activates multiple death signaling pathways, we reckon that cancer cells unlikely would be able to evolve resistance toward this multiple targeting strategy. Moreover, the assemblies of L-1 (or D-1), unlike traditional small molecule inhibitors, are plastic (i.e., exhibiting polymorphism). Such a plasticity should minimize the path to drug resistance. Thus, we examine whether Saos2 cells can evolve acquired resistance after being repeatedly stimulated by L-1P (or D-1P) at suboptimal concentrations, which is an established method to select drug resistant cancer cells. 62 We incubate the pre- for minimizing acquired drug resistance. Since the biggest challenge in cancer therapy and drug discovery is drug resistance, 63 this result indicates that combining EISA with other targeting strategy to generate anti-cancer supramolecular assemblies promises a fundamentally new direction for anticancer drug discovery.
■ CONCLUSION
In summary, we report the first case of integrating cell and subcellular targeting for selectively killing cancer cells without causing acquired drug resistance. By rationally designing the precursors consisting of a peptide segment of EISA and a mitochondria-targeting motif, testing the precursors in cell assays, and preliminarily examining the mechanisms of cellular uptake and cell death, we validate the concept of using the molecular process for multi-targeting. Moreover, stimulating the Saos2 cells by the precursors hardly induces acquired resistance. As anti-cancer drug resistance remains the challenge for most modern drug discovery and the reason for the failure of most clinical drugs (e.g., cisplatin, doxorubicin), 64 the strategy demonstrated in this work promises more profound impacts than just killing the Saos2 cells. In addition, the use of the enantiomer pairs (i.e., L-1P and D-1P) to treat the same set of cells, undoubtedly, validates the molecular processes and targets involving in the cell death of the cancer cells. The concept demonstrated here should be applicable for designing the precursors as the substrates of other enzymes overexpressed by cancer cells 65 (e.g., CD73, 66 MMP9, 26,67 and furin 68 ) and other subcellular organelle. 69 Although the concentration required for killing cells is relatively high according current clinical standard based on highly potent yet unselective drugs (e.g., cisplatin), the exceptional selectivity exhibit by the precursors (i.e., L-1P and D-1P) may still achieve acceptable therapeutic index, which remains to be confirmed. Nevertheless, this strategy, combining cell targeting and subcellular targeting, promises a new way to counter anti-cancer drug resistance. Currently, we are engineering the molecules for achieve high activity against cancer cells and tuning the distribution of bioactive molecules. 
